The fumarase (citG) gene of Bacillus subtilis 168 has been identified in a collection of L phages carrying EcoRI-generated fragments of B. subtilis DNA. Regions of the cloned DNA have been subcloned into plasmid vectors, and the ability of prophages and multicopy plasmids to complement Escherichia coli and B. subtilis fumarase mutations has been examined. Two EcoRI fragments of 1-5 and 5.1 kb are both required for fumarase expression in E. coii and B. subtilis. The level of fumarase activity from a single copy of the B. subtilis citG gene expressed in E. coli is approximately onc-tenth of that from the normal E. coli gene; the level is increased by expression from a pBR322-derived multicopy plasmid. The citG gene has been located within the cloned DNA by transposon mutagenesis and by expression studies, which have also identified a polypeptide of M, 49000 as the product of the cirG gene. The properties of a truncated derivative of this polypeptide have indicated the direction of transcription of the citG gene.
INTRODUCTION
The citG gene of Bacillus subrilis 168 encoding the tricarboxylic acid cycle enzyme fumarase (EC 4 . 2 * 1.2), is located at 295" on the genetic map (Rutberg & Hoch, 1970;  Henner & Hoch, 
RESULTS

Properties u f kitG phages
Five k i t G transducing phages have been detected by their ability to complement the fumarase lesion of ajicmA mutant of E. coli with the formation of lysogen-filled transduction plaques (see Methods). The gross physiological properties of the phages indicated that they were the products of recombination between the original hybrid phages in the gene bank and the helper phages used to supply integration and other functions needed to facilitate transduction. Restriction maps obtained by digesting the phage DNAs with EcoRI and HindIII, separately and in combination, are shown in Fig. 1 . The segments of B. subrilis DNA cloned in these phages were clearly identified as a series of overlapping fragments (6.65 to 10.7 kb) all containing at least two specific EcoRI subfragments of 1-55 and 5.1 kb. It was concluded that the B. subtilis fumarase gene (citG) is very probably expressed from the 6.65 kb segment that is common to all of the k i t G phages. Since the gene bank was originally constructed from a size-selected fraction (10 to 13 kb) of a partial EcoRI digest of B. subtilis DNA, it is likely that the map derived from the cloned fragments corresponds to a continuous 12.4 kb segment of the B. subtilischromosome, rather than a reassorted set of EcoRI sub-fragments.
Subcloning of DNA into plasmid vectors To define the location of genes in the cloned segment, DNA fragments from kitGI and I1 were subcloned into pHV33, all the plasmid constructions being carried out in E. coli.
Plasmids pAAM3 and pAAM4 (Fig. 2) were constructed by ligation of the complete EcoRI digest of hitGI DNA with EcoRI-digested pHV33 DNA, selecting transformants of ED86Mon L agar containing I5 pg tetracycline ml-Plasmids pAAM3, containing the 5-1 kb fragment, and pAAM4, carrying the 1-55 kb fragment, were both identified in a screening of 17 such transformants. Strains carrying pAAM3 grew more slowly on L agar + 15 pg tetracycline ml -I than those carrying pHV33 or pAAM4, and subsequently tetracycline was used at 5 pg ml-I for selective purposes. In an attempt to obtain plasmids carrying a functional fumarase gene, plasmid DNA from a pool of approximately 600 transformants was used to transform the fumarase mutant EJ 1535, selecting transformants on LG + 15 pg tetracycline ml-I . Some 1400 colonies were replica plated to peptone medium containing 15 pg tetracycline ml-I , and three that grew more strongly were screened for plasmid content. Two carried pHV33, and were probably chromosomal revertants tofum+, while the third contained a plasmid carrying 1-55 and 5.1 kb fragments; this plasmid was designated pAAM2 (Fig. 2) . A second plasmid of identical constitution was obtained from a parallel experiment.
DNA fragments of 7 to 8 kb derived from a partial EcoRI digest of kitGI1 were purified by excision of appropriately sized fragments after electrophoresis in a low melting point agarose gel. These were ligated with EcoRIdigested and phosphatase-treated pHV33 DNA. Transformants of ED8654 resistant to 5 pg tetracycline ml-I were screened and a plasmid carrying 1.55, 5.1 and 0.9 kb fragments was retained and designated pAAM6 (Fig. 2) .
A deletion derivative of pAAM2, plasmid pGS96, was constructed by religating pAAM2 after Son digestion. This plasmid pGS96 retains the bla gene and replication functions of pBR322, the 1.55 kb cloned fragment and the proximal part of the 5.1 kb cloned fragment as far as the single Sun site in the cloned DNA (Fig. 2) . The rest of the 5.1 kb fragment, all of pC194, and part of the pBR322 tet gene were lost.
Complementation and recombinatiun studies in B. subtilis Plasmids pAAM3 and pAAM4 (Fig. 2) were transformed into competent cells of the recombination-proficient strain AM096; only pAAM3 could repair the citG4 mutation by recombination. A second genetic marker, gerAI + , was 37% cotransformed with citG#+ ; this linkage is similar to that observed using RcitG phages as donors but is lower than that observed using chromosomal DNA (Moir & Smith, 1983) . Complementation of a fumarase defect was tested by transforming pAAM2 and pAAM3 into competent cells of AM099, a r e d 4 citG4 gerAI strain, selecting chloramphenicol resistance. Transformants were scored for their ability to accumulate acids when grown on PA indicator agar containing chloramphenicol. Strain AM099 carrying pAAM3 formed the characteristic asporogenic and acid-excreting colonies of the Cit-parent; transformants carrying pAAM2 formed mainly Cit + sporogenic colonies, although some Cit -segregants were visible. So, the recombination studies indicate that citGQ+ is carried on the 5.1 bb fragment, and the complementation studies show that the 1.55 kb fragment is also required for expression of a functional fumarase activity in B. subtilis. It is therefore concluded that the citG gene, or at least the citG transcriptional unit, spans the EcoRI target at the junction of 1-55 and 5-1 kb fragments.
Complementorion studies in E . coli
The plasmids pAAM2, pAAM6 and pGS96 complemented the E. coli furnAf mutant, whereas pAAM3 and pAAM4 did not. This confirms that DNA flanking the critical EcoRI target contained in pAAM2, pAAM6 and pGS96 is essential for complementing the fumarase lesion.
Mapping of the citG gene by transposun mutagenesis Plasmids such as pBR322 and pHV33 are mobilized by F at a low frequency, the cotransfer usually resulting in their acquiring y8 ( T n f O ) from F (Guyer, 1978; De Lencastre et al., 1983) . Following its introduction into the F + strain RB308 by transformation, pAAM6 was transferred to EJ1535 in a conjugation experiment. AmpR exconjugants containing pAAM6 were obtained at a frequency of 2 x 10-per donor cell by plating on minimal glucose agar containing 100 pg ampicillin ml -I . Of I77 such exconjugants, screened by replica plating to LG plus tetracycline or chloramphenicol and to peptone agar containing ampicillin, 16 had lost tetracycline resistance, none had lost chloramphenicol resistance, but 33 were now Fum -. Plasmids isolated from a number of these Fum -strains were mapped by restriction analysis using EcoRI and Sari, and the map of Tn1000 (Guyer, 1978) . The estimated positions of the TnfOOO inserts are shown in Fig. 3 . The results indicate that the citG gene must extend at least 0.05 kb into the 1-55 kb fragment and at least 0.8 kb into the 5.1 kb fragment. Four TnfOOO inserts which did not inactivate ritG were mapped on the cloned DNA. They were located within the 5.1 kb EcoRI fragment at 2-3 kb, 2-5-24 kb, 2.7 kb and 2.9 kb from its left-hand end as drawn in Fig. 1. Analysis of a sufficient number of inserts to provide narrower maximum limits was not carried out.
Expression of B. subtilis-derived jumaruse in E. coli Enzymological studies. The fumarase activities of derivatives of the E. coli fumA mutant carrying the B. subtilis citG gene in phage and plasmid vectors were compared with the parental strain, and with analogous derivatives carrying the E. coli fumA gene in E l 3 4 and pGS54 (Guest & Roberts, 1983) .
The dilysogen EJ1535(~imm'3s, AG142) contains a single copy of the citG gene whereas
El 1535(pAAM2) and EJ 1535(pGS96) contain multiple copies. The results, shown in Table 2, indicate that the fumarase activity expressed from a single copy of the citG gene is quite significant, but is still 8-to 10-fold lower than tbat from a single copy of thefumA gene (either in thefurnA + parent or in the mutant carrying afumA + prophage). Expression from pAAM2 and its deletion derivative pGS96 was increased 'I-fold and 10-fold respectively over that from a single citG + prophage copy. The activities expressed from multiple copies of the heterologous citG gene are equivalent to those from single copies of the homologousfumA gene. The fumarase activities forfumA+ strains in Table 2 are higher than those previously reported (Guest & Roberts, 1983) and reflect the use of mid-exponential rather than early stationary phase cells.
Identification ofthe citG product. The post-infection labelling and 'maxicell' procedures were used to detect proteins expressed from phage-and plasmid-cloned genes and to identify the citG gene product. By using a lysogen as the host in post-infection labelling studies, incorporation of labelled methionine was limited to a small number of I proteins and to the products of bacterial genes that had been cloned with their own promoters. An autoradiogram of 3sS-labelled polypeptides expressed from three hitG phages and a control phage (IG78N) revealed only one product (M, 49000) that is common to all kitG tracks but not found in the controls (Fig. 4a) . Other products expressed only from IG 144 were visible at M, 67000,25000 and 24000 and they are presumably encoded by the additional 4-05 kb segment of 1G144 (see Fig. 1 ).
The maxicell procedure was applied to strains containing plasmids that express the citG gene (pAAM2 and pGS96), a non-complementing plasmid (pAAM3) and vector controls (pBR322 and pHV33). These confirmed that a polypeptide of M, 49000 is expressed from the citG region (Fig. 4b) . With pAAM3, this polypeptide was replaced by one of similar intensity at M, 42000, potentially a truncated derivative of the M, 49000 product (Fig. 4b) .
The identification of the M, 49000 polypeptide as fumarase is strengthened by the properties of pAAM3, which would be expected from complementation, recombination and TnlOOO mutagenesis studies to carry part but not all of the citG gene. Furthermore, the replacement of the M, 49000 polypeptide by one of M, 42000 (whose coding requirement would be about 1.2 kb) means that the transcription of citG should be initiated within the 5.1 kb EcoRI fragment and continue outwards into the 1.55 kb fragment, and that the citG coding region could extend about 1.2 kb into the 5.1 kb fragment, as shown in Fig. 3 . Labelled polypeptides corresponding to 8-lactamase and chloramphenicol acetyltransferase, at M, 30000 and 26000, respectively, are also indicated in Fig. 4 (b) . A number of other specific polypeptides were labelled to a lesser degree in the maxicells derived from strains carrying pAAM2, pGS96 and pAAM3 (Fig. 4b) . However, their significance and origin is as yet uncertain.
DISCUSSION
The fumarase gene (citG)of B. subtilis has been located within a 12.4 kb segment of DNA, by a combination of biochemical and genetic methods. The coding region has been correlated with a gene product of M, 49000 which corresponds to about 1.4 kb of DNA, and the direction of transcription has been established. The location of the citG promoter has not been defined but the transcriptional unit is not likely to extend beyond the Safl site upstream of the coding region (Fig. 3) , because deletion from this site (to form pGS96) and T n I W insertion close to it (Fig. 3) do not affect citG expression. The nearest genetic marker yet identified, gerAI1, maps on the citG proximal side of a ClaI site (Fig. 3) 1.8 kb from the EcoRI target in citG (I.M.F., unpublished data); this mutation does not inactivate fumarase and defines a rather narrower limit for the cirG unit. The truncated fumarase gene expressed from the 5.1 kb fragment lacks at most the coding capacity for approximately 7000 daltons of the polypeptide, depending on the extent of the short fusion fragment contributed by extension of the reading frame into the pBR322 sequence. This suggests that the citG gene extends for only a few hundred base pairs to the left of the EcoRI target (Fig. 3 ). This conclusion is consistent with the results from the transposon mutagenesis and is further supported by the properties of a plasmid (pAAM32; I. M. F., unpublished) constructed by insertion of pC194 into the sole Hind111 target of pGS96.
This plasmid can no longer complement fumA, although a polypeptide indistinguishable in size from the wild-type fumarase is expressed in the maxicell systems. The citG gene therefore extends through the Hind111 site, but terminates soon after it. Alterations at the extreme Cterminal portion of the protein appear to critically affect the fumarase activity.
